Abstract Brain-derived neurotrophic factor (BDNF) and adenosine are widely recognized as neuromodulators of glutamatergic transmission in the adult brain. Most BDNF actions upon excitatory plasticity phenomena are under control of adenosine A 2A receptors (A 2A Rs). Concerning gammaaminobutyric acid (GABA)-mediated transmission, the available information refers to the control of GABA transporters. We now focused on the influence of BDNF and the interplay with adenosine on phasic GABAergic transmission. To assess this, we evaluated evoked and spontaneous synaptic currents recorded from CA1 pyramidal cells in acute hippocampal slices from adult rat brains (6 to 10 weeks old). BDNF (10-100 ng/mL) increased miniature inhibitory postsynaptic current (mIPSC) frequency, but not amplitude, as well as increased the amplitude of inhibitory postsynaptic currents (IPSCs) evoked by afferent stimulation. The facilitatory action of BDNF upon GABAergic transmission was lost in the presence of a Trk inhibitor (K252a, 200 nM), but not upon p75 NTR blockade (anti-p75 NTR IgG, 50 μg/mL). Moreover, the facilitatory action of BDNF onto GABAergic transmission was also prevented upon A 2A R antagonism (SCH 58261, 50 nM). We conclude that BDNF facilitates GABAergic signaling at the adult hippocampus via a presynaptic mechanism that depends on TrkB and adenosine A 2A R activation.
Introduction
Adenosine and brain-derived neurotrophic factor (BDNF) are two well-known modulators of synaptic maturation, plasticity, and signaling [1, 2] . Most of the present knowledge about BDNF actions upon synaptic signaling at the hippocampus, as well as its modulation by adenosine, relies on its influence upon glutamatergic synaptic transmission. BDNF postsynaptically enhances NMDA receptor activity in cultured neurons [3, 4] and presynaptically enhances glutamate release in developing neurons [4] [5] [6] [7] [8] and isolated hippocampal nerve endings from young [9, 10] and adult [11] rats. Furthermore, BDNF is also known to facilitate long-term plasticity of excitatory synapses, such as long-term potentiation (LTP) [12, 13] and long-term depression (LTD) [14] in an A 2A receptor (A 2A R)-dependent manner [15, 16] . Information on the ability of A 2A R to modulate actions of BDNF on GABAergic transmission is restricted to the actions of the neurotrophin on GAT-1-mediated GABA transport in astrocytes [17] or nerve endings, either when transport is in the inward [18] or outward [19] direction.
The action of BDNF upon synaptic GABAergic transmission at the hippocampus is itself poorly known; the information so far available refers mostly to developing neurons in culture, where BDNF has been shown to cause a postsynaptically mediated fast facilitation of GABAergic currents followed by a prolonged depression [20] or to cause a presynaptic facilitation of GABAergic inputs to glutamatergic neurons [21] . Prolonged applications of BDNF (>24 h) have been shown to facilitate maturation of GABAergic synapses and presynaptically increase GABAergic transmission [22] or to prevent down scaling of GABAergic responses caused by activity deprivation [23] . Changes in modulation of GABAergic currents by BDNF are expected to occur during maturation since BDNF affects K + /Cl − transport in hippocampal neurons [21] . Indeed, in neurons acutely isolated at the postnatal day 6 (P6), BDNF has been shown to cause a postsynaptically mediated facilitation of GABAergic currents, while causing a long-lasting inhibition of GABAergic currents at P12-P18 neurons [24, 25] . On the other hand, highly variable actions of BDNF on GABAergic transmission have been reported for hippocampal slices acutely prepared from 2 to 8 weeks old rats, but data were not discriminated as a function of age [26] . We now evaluated the action of BDNF on synaptic GABAergic transmission at the adult hippocampus as well as its dependence on adenosinergic tuning. We tested the influence of BDNF on evoked and spontaneous inhibitory synaptic currents (inhibitory postsynaptic currents (IPSCs) and miniature inhibitory postsynaptic currents (mIPSCs), respectively) recorded from adult hippocampal pyramidal neurons in acutely isolated slices and assessed the ability of an A 2A R antagonist to modify those actions. We report that BDNF facilitates GABAergic signaling at the adult hippocampus via a presynaptic mechanism that depends on TrkB and adenosine A 2A R activation.
Materials and methods

Animals
Adult (6 to 10 weeks old) male Wistar rats were used in this study. The animals were kept under standardized conditions of light, temperature, and humidity and had access to food and water ad libitum. All animal procedures were carried out in strict accordance with the ethical recommendations by EU (Directive 210/63/EU), the Portuguese (DL 113/2013) legislation for the protection of animals used for scientific purposes, and the Ethics Committee of the Instituto de Medicina Molecular and of the Faculty of Medicine, University of Lisbon, Lisbon, Portugal, who approved this study. Animals were deeply anesthetized under isoflurane atmosphere before being sacrificed, and all efforts were made to minimize suffering before anesthesia. Deep anesthesia was confirmed by the absence of response to paw pinching while the animals were still breathing.
Hippocampal slice preparation
After decapitation, the brain was rapidly removed from the skull cavity and the hippocampi were dissected in ice-cold dissecting solution containing (mM) the following: sucrose 110; KCl 2.5; CaCl 2 0.5; MgCl 2 7; NaHCO 3 25; NaH 2 PO 4 1.25; and glucose 7, pH 7.4, oxygenated with 95 % O 2 and 5 % CO 2 . Each hippocampus was then transversely sliced (300 μm thick) on a vibratome (VT 1000 S; Leica, Nussloch, Germany) under the same ice-cold dissecting solution. The slices were then incubated at 35°C for 20 min in artificial cerebrospinal fluid (aCSF) (mM: NaCl 124; KCl 3; NaH 2 PO 4 1.25; NaHCO 3 26; MgSO 4 1; CaCl 2 2; and glucose 10, pH 7.4) before being placed at room temperature in the same solution for at least 1 h before use in patch clamp experiments.
Patch clamp recordings
Individual slices were fixed with a grid in a recording chamber of about 1-mL volume and were continuously superfused by a gravitational system at 2-3 mL/min with aCSF at room temperature. Drugs were added to this superfusion solution and reached the recording chamber within approximately 1 min.
Patch pipettes were made from borosilicate glass capillaries (1.5-mm outer diameter, 0.86 inner diameter, Harvard Apparatus, Holliston, MA, USA) and had a resistance of 4-9 MΩ when filled with an internal solution containing (mM) the following: CsCl 125; NaCl 8; CaCl 2 1; EGTA 10; HEPES 10; glucose 10; MgATP 5; NaGTP 0.4; and pH 7.2, adjusted with CsOH (50 wt% in H 2 O), 280-290 Osm.
Whole-cell recordings were obtained from pyramidal cells located at CA1 stratum pyramidale. The cells were visualized with a microscope (Zeiss Axioskop 2FS, Jena, Germany) equipped with infrared video microscopy and differential interference contrast optics. All recordings were performed in voltage clamp mode (V H = −70 mV) at room temperature (22-24°C) with either an EPC-7 (List Biologic) or an Axopatch 200B (Molecular Devices) amplifier, under the control of pClamp10 software (Molecular Devices). Before the gigaseal formation, the offset potentials were nulled. Immediately after having whole-cell access, the membrane potential of the neurons was measured in current clamp mode (V H approximately −60 mV). Through all the recordings, the holding current was constantly monitored, and if it varied by more than 20 %, the experiment would be rejected. Data were low-pass filtered using a 3-and 10-kHz three-pole Bessel filter, digitized at 5 Hz, and registered by the Clampex Software version 10.2 (Molecular Devices, Sunnyvale, CA, USA).
Afferent-evoked IPSCs were recorded as described elsewhere [27] . Briefly, every 15 s, a stimuli (1-15 μA) was delivered via monopolar stimulation with a patch-type pipette filled with aCSF and positioned in stratum radiatum, 80-120 μm from the recorded cell. Averages of eight consecutive individual recordings were used for analysis. Recordings were performed using the internal solution previously described plus 1 mM QX-314, a voltage-gated Na + channel blocker.
During all recordings, the aCSF was supplemented with kynurenic acid (Kyn, 1 mM), to block glutamate receptors. mIPSCs were recorded in aCSF supplemented with tetrodotoxin (TTX, 0.5 μM) and Kyn (1 mM). In some experiments and only where specified, K252a (200 nM) and SCH58261 (100 nM) were also added to the superfused aCSF. When testing the dependency on p75 NTR activation for the effect of BDNF, the slices were preincubated for 2 h at room temperature with a blocking antibody anti-p75 NTR IgG (REX Ab, 50 μg/mL) [28] . Miniature event analysis was performed using the MiniAnalysis software (Synaptosoft, GA, USA), with the amplitude threshold for event detection being set at 5× the average RMS noise. The rise time was calculated by finding the first data point to the left of the peak that shows 0.5 % of the peak amplitude and subtracting the time at this point from the time at the peak. The decay time was calculated by finding the first data point to the right of the peak that shows 10 % of the peak amplitude and taking a difference between the time at this point and the time at the peak. mIPSC frequency and amplitude were analyzed for 40 s every 2 min in order to obtain their time course variances. Statistical differences were assessed between two different periods: (1) the 10 min prior to BDNF superfusion and (2) the last 10 min in its presence (30 to 40 min after BDNF addition to the bath solution). One hundred percent represents the average peak amplitude of the currents recorded for 10 min prior to BDNF application. BDNF effect was quantified by comparing the peak amplitude from the 10-min period before BDNF application (baseline) to the 30-40 min after BDNF application. c The individual (dots) changes in peak amplitude are shown as individual data obtained in the 10 min in the absence (−) of BDNF and 30-40 min after (+) BDNF administration (n = 5). Values are mean ± SEM. **p < 0.01 (two-tailed paired Student's t test) 5 mM, K252a in a 1 mM, and Bicuculline in a 100-mM stock solution, all in dimethyl sulfoxide (DMSO). TTX (1 mM) and kynurenic acid (100 mM) were prepared in water. Stock solutions were aliquoted and stored at −20°C until use. Dilutions of these solutions to the final concentration were made freshly before each experiment. The percentage of DMSO in each experiment did not exceed 0.001 % and did not affect neither IPSCs nor mIPSCs [27] .
Statistical analysis
Results are expressed as the mean ± SEM of n experiments, where n corresponds to the number of tested cell from different slices. Statistical significance was evaluated by two-tailed Student's t test, when comparing before and after BDNF perfusion or by performing one-way ANOVA followed by Bonferroni's post hoc test for comparison between multiple experimental groups. Statistical significance was assumed if p value was inferior to 0.05.
Results
BDNF increases IPSCs in CA1 pyramidal cells
IPSCs evoked by afferent stimulation were recorded to evaluate the influence of BDNF upon GABA A R-mediated responses at the hippocampus of adult rats. All the recordings were performed in voltage clamp mode (V H = −70 mV) in the presence of kynurenic acid (Kyn, 1 mM), to block glutamate receptors [29] and isolate GABAergic currents from interference of fast excitatory transmission [30] . Under such conditions, the recorded currents were completely blocked when applying bicuculline (20 μM), a selective GABA A R antagonist, thus confirming their GABAergic nature (Fig. 1a) . In addition, QX-314 (1 mM) was added to the intracellular solution avoiding GABA current contamination with action potentials.
Once achieving a stable baseline of electrically evoked IPSC amplitudes for at least 10 min, BDNF was perfused, remaining in the bath for 40 min. First, we used a moderately high concentration of BDNF (100 ng/mL), since at this concentration, BDNF has been shown to postsynaptically affect GABAergic transmission in acute slices prepared from developing hippocampus taken from preweaning (P12-18) rats (22) . As shown in Fig. 1 , BDNF (100 ng/mL) induced a progressive increase in the peak amplitude of IPSCs recorded from CA1 pyramidal cells in slices prepared from adult rats. The effect of BDNF on the amplitude of GABAergic currents started 15 min after its perfusion, the maximum increase being observed between the 30 and 40 min of BDNF application (Fig. 1b) . The averaged increase in peak amplitude of GABA currents caused by BDNF (100 ng/mL) was 39 ± 4.9 % (n = 5, p < 0.01, as compared with baseline values), being this value calculated from IPSCs recorded 30-40 min after starting perfusion of BDNF (100 ng/mL). These data indicate that BDNF facilitates phasic GABAergic transmission in the adult hippocampal neurons.
BDNF increases frequency, but not amplitude, of mIPSCs
To evaluate whether the facilitatory action of BDNF upon fast GABAergic transmission results from presynaptic or postsynaptic mechanisms, recordings of miniature inhibitory postsynaptic currents (mIPSCs) were performed in the presence of tetrodotoxin (TTX, 0.5 μM) and Kyn (1 mM). Changes in frequency of these events are usually interpreted as changes at presynaptic level, while changes in the amplitude are thought to relate with a postsynaptic modulation.
As illustrated in Fig. 2 , application of BDNF (100 ng/ mL) to the bathing solution consistently increased the frequency of mIPSCs by 28 ± 7.0 % (n = 6, p < 0.05, measured 30-40 min after starting BDNF superfusion, Fig. 2a, c, d ). Baseline frequency of mIPSC was 2.1 ± 0.22 Hz and increased to 2.7 ± 0.31 Hz, 30-40 min after BDNF addition. At this concentration of BDNF (100 ng/ mL), the increase in mIPSC frequency persisted even after washout. BDNF (100 ng/mL) was virtually devoid of effect in mIPSC amplitude (% change as compared with baseline 1.0 ± 2.3, n = 6, p > 0.05). The averaged absolute amplitude values were 27 ± 2.3 and 27 ± 2.2 pA, before and 30-40 min after BDNF addition, respectively. Additionally, the duration of mIPSCs showed no statistical significance upon BDNF application (Fig. 2g, h) . Indeed, mIPSC rising time changed to 1.9 ± 1.9 % of baseline (3.0 ± 0.17 and 3.1 ± 0.19 ms, before and after BDNF application, respectively) and the decay time to 2.2 ± 1.7 % (from 33 ± 0.69 ms before and 33 ± 0.79 ms after BDNF perfusion).
A lower concentration of BDNF (10 ng/mL) also increased mIPSC frequency, without affecting mIPSC amplitude (Fig. 3) , the averaged increase in mIPSC frequency being 38 ± 11 % (n = 9, p < 0.01) for the last 10 min of its perfusion. Frequency values increased from 1.7 ± 0.35 Hz (before the perfusion of BDNF) to 2.2 ± 0.41 Hz (30-40 min after BDNF addition). The effect was not statistically different from that obtained with 100 ng/mL BDNF (p > 0.05, one-way ANOVA). However, contrary to what was observed for 100 ng/mL BDNF (Fig. 2c) , the effect of 10 ng/mL was fully washed out (Fig. 3c) . BDNF (10 ng/mL) had no effect on mIPSC amplitude (% change 3.3 ± 2.7 as compared to the baseline values; 38 ± 2.2 pA before and 40 ± 2.3 pA after BDNF application, Fig. 3e, f) or on mIPSC duration (rising time 6.9 ± 3.4 % of baseline, 3.4 ± 0.17 ms before and 3.6 ± 0.28 ms after BDNF perfusion; decay time 1.8 ± 0.83 % of baseline, 35 ± 0.80 ms before and 36 ± 0.74 ms after BDNF application, Fig. 3g, h ).
These data thus suggest that BDNF positively modulates GABAergic transmission via presynaptic changes that lead to increased GABA release. The BDNF facilitatory effect onto GABAergic transmission is TrkB, but not p75 NTR , dependent BDNF can activate a high-affinity TrkB receptor and a lowaffinity p75 NTR receptor. K252a is a tyrosine kinase inhibitor that prevents Trk receptor activation [31] . Thus, to test for the involvement of TrkB receptors on the effect of BDNF, mIPSC recordings in the presence of K252a (200 nM) were performed. To do so, slices were perfused with K252a immediately after going to whole cell and currents allowed to stabilize before applying BDNF in the presence of K252a for at least 20 min. In the presence of K252a, 40 min of incubation of BDNF did not affect either mIPSC frequency or mIPSC amplitude (Fig. 4) . Indeed, in the last 10 min of BDNF application, the percentage of change in mIPSC frequency was −7.3 ± 5.3 % as compared to baseline (n = 7, p > 0.05), the absolute values being 1.2 ± 0.18 Hz before and 1.1 ± 0.16 Hz after BDNF application. Similarly, for mIPSC amplitude, the percentage of change was −1.0 ± 1.4 % (n = 7, p > 0.05), with absolute values of 31 ± 3.0 pA before and 31 ± 3.3 pA after Fig. 4 The facilitatory effect of BDNF on mIPSCs is dependent on TrkB receptor activation. The mIPSCs were recorded in the same conditions as described for Fig. 4g, h) .
To evaluate the involvement of p75 NTR on the facilitatory action of BDNF on GABAergic currents, the hippocampal slices were preincubated for 2 h with an anti-p75 NTR IgG (50 μg/mL), prior to whole-cell recordings. This antibody binds to the p75 NTR receptor and blocks its activation by preventing BDNF binding to the receptor. As shown in Fig. 5 , the excitatory action of BDNF on GABAergic transmission was not affected in slices preincubated with the p75 NTR antibody. Thus, after BDNF application, there was a significant increase in mIPSC frequency (29 ± 7.8 %, n = 8, p < 0.01; 1.8 ± 0.28 Hz before and 2.2 ± 0.30 Hz after BDNF application), without changes in mIPSC amplitude (−0.84 ± 1.5 %, n = 8, p > 0.05; 35 ± 2.3 pA before and 34 ± 2.0 pA after BDNF application). The effect of BDNF in the presence of p75 NTR antibody was not significantly different from to the effect caused by BDNF (either 10 or 100 ng/mL) alone (p > 0.05, one-way ANOVA). The above data show that the excitatory effect of BDNF in mIPSC frequency is prevented by the presence of K252a, but not by the anti-p75 NTR IgG, suggesting that the presynaptic enhancement of GABAergic transmission caused by BDNF is mediated by Trk receptor activation, but not by p75 NTR .
Adenosine A 2A receptor blockade prevents BDNF effect onto GABAergic transmission
The interplay between TrkB and adenosine A 2A receptors has been demonstrated in several contexts, with the activation of A 2A R being a requisite for most of the effects of BDNF on excitatory synaptic transmission [15, 16, 18, [32] [33] [34] . We thus hypothesized that A 2A R, in spite of disynaptically modulating GABAergic transmission to pyramidal cells [35] , could directly affect the monosynaptic action of BDNF to principal cells. We thus tested whether endogenous activation of adenosine A 2A R could also influence the action of BDNF on GABAergic transmission. To do so, slices were perfused with the selective A 2A R antagonist, SCH 58261 (100 nM) [36] , immediately after going to whole cell and currents were allowed to stabilize for at least 20 min before applying BDNF and still in the presence of the A 2A R antagonist. However, in contrast with what occurred in the absence of SCH 58261 (Fig. 2) , after 40 min of BDNF application in the presence of SCH 58261 (100 nM), there was virtually no effect in mIPSC frequency (% change: −0.38 ± 3.5, n = 10, p > 0.05, Fig. 6a, c, d ) and amplitude (% change 0.16 ± 1.2 of change n = 10, p > 0.05, Fig. 6b, e, f) . When analyzing the period between 30 and 40 min of BDNF application (in the presence of SCH 58261), the averaged absolute values were 2.2 ± 0.22 Hz and 37 ± 2.4 pA, while in the 10 min prior to BDNF application, they were 2.2 ± 0.22 Hz and 38 ± 2.4 pA.
These data thus suggest that A 2A R activation is required for the BDNF facilitatory effect onto inhibitory transmission.
Discussion
We herein show that, through TrkB receptor activation, BDNF positively modulates GABAergic transmission in the adult hippocampus by operating a presynaptic mechanism that requires adenosine A 2A R co-activation.
GABA-releasing neurons are crucial for a proper regulation of pyramidal cells, controlling their firing rate, spike timing, and synchronized activity [37] . BDNF is a critical player in the modulation of neuronal networks. It mediates positive fast actions onto glutamatergic transmission [3] [4] [5] [6] and synaptic plasticity [12, 13] . The increase in mIPSC frequency caused by BDNF may be interpreted as an increase in number of release sites or increase in number of docked vesicles, resulting in increased probability of release and/or an increase in the number of presynaptic interneuron terminals. Glutamic acid decarboxylase 65 (GAD65) is the key enzyme for GABA synthesis, and chronic administration of BDNF to organotypic hippocampal slices and hippocampal cultures led to increased GAD expression [38] [39] [40] . Moreover, enhanced GABA release probability due to a BDNF-mediated redistribution of Ca 2+ channels to vesicle release sites was shown in cultured hippocampal neurons [41] . Our data obtained in slices from adult rats is consistent with these presynaptically mediated actions of BDNF, though contrasting with data from slices or acutely isolated neurons from P12 to P18 [24, 25] , where BDNF has been reported to cause a postsynaptically mediated inhibition of GABAergic signaling. Interestingly, BDNF affects Cl − transport in hippocampal neurons [21] . The developmental shift from excitatory to inhibitory GABAergic currents observed around P13-16 results from changes in Cl − transport and is regulated by GABA itself, since blockade of GABA A Rs is able to prevent the switch from excitatory to inhibitory GABA [42] . One may thus speculate that BDNF changes the shifts from excitatory to inhibitory during a critical period of inhibitory GABAergic synapse maturation, eventually delaying it by inhibiting GABAergic transmission, but returns to its facilitatory role upon phasic transmission once synapses mature. Further studies on the role of BDNF in GABAergic synapse maturation are indeed required to directly assess this possibility. Adenosine is a ubiquitous molecule released by neurons and glia that through the activation of its receptors is able to modulate synaptic transmission [43] . For instance, adenosine A 2A Rs are up-regulators of TrkB receptor signaling, being able to boost BDNF facilitatory effects on synaptic transmission [32] , synaptic plasticity [15] , and neuromuscular junction [34] . Moreover, in hippocampal neurons, adenosine A 2A Rs are more abundantly located in nerve terminals [44] and are required to translocate TrkB receptors to lipid rafts during high-frequency neuronal firing, allowing a BDNF effect upon glutamate release [10] . Interestingly, as we now show, the presynaptic influence of TrkB receptors upon GABA release at GABAergic synapses is also under control of tonic adenosine A 2A R activation since the BDNF-induced increase on mIPSC frequency was prevented in the presence of an adenosine A 2A R antagonist. Remarkably, A 2A Rs, though present in a subset of GABAergic nerve terminals, do not directly affect GABAergic inputs to pyramidal neurons [35] , but as we now show, they can do so in an indirect way by allowing facilitatory BDNF actions in GABAergic nerve terminals.
Although BDNF is only expressed in pyramidal cells, but not interneurons [45, 46] , it is generally accepted that interneurons do express TrkB receptors [45, 47, 48] . Increase in synaptic activity will favor the release of BDNF [49] and the formation of adenosine from released ATP [50] , with consequent activation of TrkB receptors and adenosine A 2A Rs [2] . BDNF is well known to increase neuronal excitability either directly, by facilitating glutamatergic synapses [1] , or indirectly, by increasing GAT-1-mediated GABA uptake into astrocytes [17] and decreasing non-exocytotic GAT-1 reversalmediated GABA release from synaptosomes [8, 19] . BDNFmediated inhibition of GAT-1 activity at nerve endings also occurs when the transporter works in the inward direction [18] , which may lead to an attenuation of excitation. Concerning exocytotic GABA release, we now show that BDNF enhances the activity of interneurons to release GABA, thus most probably contributing to a negative feedback mechanism to refrain excitability. Moreover, A 2A R-dependent BDNF facilitation of GABA release, herein described, together with A 2A R-dependent BDNF facilitation of GABA uptake into astrocytes [17] will synergistically contribute to increase temporal fidelity of GABA transmission (the time window available for synaptic integration) and synchronize pyramidal cell firing. In fact, deleting TrkB/BDNF signaling in fast-spiking interneurons induces a reduction of GABAergic inputs to pyramidal cells and the disruption of the typical rhythmic neuronal activity observed in neuronal circuits at gamma oscillation frequency [51] . Altogether, the available information allows to suggest that BDNF and adenosine A 2A R synergistically control synaptic communication by increasing neuronal excitability without losing GABAergic temporal fidelity necessary for proper network functioning and the maintenance of hippocampal oscillations (see Fig. 7 ). Indeed, by increasing GABA release to principal cells (present work) and by facilitating a major mechanism for GABA clearance from the synapses, GABA uptake into astrocytes [17] , BDNF might not only be increasing the power Fig. 7 Summary of the influence of BDNF over GABAergic transmission and its control by adenosine A 2A Rs. BDNF inhibits GAT-1-mediated non-exocytotic GABA release [9] and inhibits neuronal GABA reuptake [18] (A); A 2A Rs facilitate BDNF actions [18, 19] . In addition, BDNF facilitates exocytotic GABA release (B) (present work) and astrocytic GAT-1-mediated uptake of GABA (C) [17] ; in both cases, these actions are gated by A 2A R. Direct influences of adenosine over hippocampal GABAergic transmission also occur, and some involving A 2A Rs are depicted in this figure (see [2] for details). Thus, A 2A Rs also directly facilitate GAT-1-mediated GABA transport into nerve endings (A) [52] as well as facilitate GAT-1-and GAT-3-mediated GABA transport into astrocytes (C), these actions being counteracted by an inhibitory action mediated by A 1 R which is heteromerized with A 2A R at the plasma membrane of the astrocytes (C) [53] . Altogether, these A 2A R-dependent actions of BDNF may contribute to increase neuronal excitability without losing temporal fidelity of GABA transmission of GABAergic signaling but also be shortening the time window of GABA action, so increasing, in this way, the temporal fidelity of GABAergic transmission.
In summary, the present work clearly shows that BDNF facilitates GABAergic inputs to pyramidal neurons in the adult hippocampus in an A 2A R-dependent manner. How the interplay between A 2A R and BDNF at the tripartite GABAergic synapse (Fig. 7) impacts in pathological conditions as epilepsy, where GABA, BDNF, and adenosine play a role [54, 55] , deserves further investigation.
